Mechanical properties of electrorheological uids under various dynamical loading conditions have been studied using a computer simulation model. The model assumes electrostatic point-dipole interaction between particles with or without multipolar corrections and the interaction with the base uid due to viscous laminar ow is described with Stokes drag. The mechanical loading is introduced as constant rate shear, compression or elongation to a system of particles set initially to a single chain, a column of body centered tetragonal (BCT) unit cells, a thick BCT-structure or to a structure grown with electric eld from originally random con guration. Results show that the relative strength of the single chain structure is usually largest. Electrorheological systems under compressive loading were found to transmit largest force from one plate to another. Under elongation loading a thick BCT-structure seemed surprisingly weak compared with the system under compression or shear. In addition, the response of a BCT-structure under sinusoidally alternating shear or tensile straining have been studied. It was found that under tensile loading the ability of the system to transfer force is dependent on oscillation frequency much more than under shear loading.
INTRODUCTION
Electrorheological (ER) uids are suspensions that show a strong electric eld induced e ective viscosity to a degree that makes them appear solid. This property could be utilized in various applications such as electrically controlled clutches, valves, and active damping devices, but also in making composites with locked-in structures and novel properties 1]. Perhaps the most striking application of the ER-phenomenon is in an arti cial muscle made of polymer suspension particles in a polymer gel 2]. Although many parameters of these uids can be changed over a wide range, some improvements need to be achieved before applications become more common. Especially the sensitivity of the e ective viscosity on the applied electric eld should be higher 3]. Improvements are also needed in the limited temperature range and applicable current densities. In addition, the abrasiveness of ER-systems 4] is an important factor in tribology.
So far most of the suggested applications of the ER-phenomenon operate in shear mode, i.e. the direction of loading is perpendicular to the external electric eld. However, instead of shearing, an ER-system can also be stressed parallel to the electric eld 5, 6, 7, 8] . The advantage of this parallel or tensile mode of operation is the increased yield stress of the system. As a matter of fact, the di erence in yield stresses between sheared and compressed system have experimentally been shown to be about one order of magnitude 6, 9] . This was also veri ed in our previous computer simulations studies 7] .
In order to discuss the applicability of an ER-system in more detail we will study its behaviour under shearing, elongation, and compression. In addition, the e ect of sinusoidal straining is discussed. Again we will employ computer simulations because they allow control over initial structures and material parameters even beyond the so far realized ones. The systems to be strained consist of a base uid and suspension particles, initially grown with the electric eld from a disordered con guration of particles or initially prepared to perfectly ordered but stable single chain or body centered tetragonal (BCT) column structures. The BCT structure was chosen, because experimentally 10], analytically 11, 12] , and by computer simulations 13] it has been shown to be the ground state symmetry. However, in reality the particle con gurations form rarely pure or almost pure BCT structure. In simulations the structure formation is found to slow down and the system seems to get trapped into a long-living structure that has either partial BCT or no clear BCT symmetry, as shown in Fig. 1 . Such a kinetic trapping behaviour has been observed earlier in some molecular dynamics simulations 14] . In addition, one can nd in the system some metastable structures like single chains, double or triple zig-zag chains and their combinations.
In this paper we rst discuss the computer simulation model, which describes the interaction between particles with a point-dipole electrostatics and the e ect of uid on particles with Stokes drag. Next we discuss the results of external constant rate loading on grown or prepared structures. The loading is introduced either perpendicular or parallel to the external electric eld, i.e. shear or tensile straining, respectively. In this context, the role of mirror charges on stress transfer is discussed. Also we present simulation results for oscillating tensile and shear straining.
MODEL
In order to describe the electrostatic interaction between particles in uid suspension we employ so called point-dipole model rst presented by Klingenberg et al. 15] . This model considers suspension particles of diameter and dielectric constant p mixed with a base uid of viscosity and dielectric constant c . Due to a mismatch in the dielectric constants external electric eld polarizes the particles and generates an interaction between them. The electrostatic eld formed by an individual particle is approximated with the dipolar eld and the interactions between particles are calculated assuming that the directions and the magnitude of electric dipoles are xed. Within these approximations the forces between particles are pairwise and read as follows:
F el = F 0 (r ) 4 Here r = r= is the normalized distance between a pair of particles, e r and e are the unit vectors along and perpendicular to the line joining these particles, respectively, and is the angle between e r and the external electric eld E = E 0 e z , see details in Ref. 15] . In addition to forces between particles, we calculate the forces between particles and their mirror images generated by conductive plates being planes of constant electric eld. We have calculated the forces between particles and images up to a certain radial cuto range. Due to the dipolar force particles attract each others when the line joining their centers is aligned with the electric eld but when this line is perpendicular to the electric eld the particles repulse. This force drives initially randomly positioned particles to form particle chains along the direction of the electric eld. Later these chains coalesce into thicker structures having the BCT symmetry. However, in case of a perfect but short chains its force eld has a repulsive area near the chain which prevents particles approaching the chain from the direction perpendicular to the electric eld. When the length of the particle chain increases towards in nity together with the enhancement of mirror images the repulsive area near the chain tends to disappear. It is concluded that a chain repels a particle when it approaches in registry but attracts when the particle position is displaced by one-half lattice unit from a registry position 16] .
It is noted that since dipolar chains are essentially one-dimensional structures they show strong Landau-Peierls uctuations, which generate attractive interaction between chains. The magnitude of this interaction is clearly smaller than that of the original dipolar interaction but one order of magnitude larger than the van der Waals type attractive interaction between uctuating particle dipoles 16]. Thus the time scales for the chain formation and for the thickening of chains into columns are quite di erent. The chains form very rapidly, i.e. in the matter of milliseconds, but the time scale for the thickening process is of the order of 100 s or longer 17] depending on the parameters of the ER-system.
It is well known that the dipole approximation of the electrostatic force underestimates the shear stress considerably 18, 19, 20] . However, the dipole model was chosen due to its simplicity and for allowing us to study relatively large system sizes in 3D. In our case also the ratio between the dielectric constants of the particles and the uid, respectively, is fairly small ( p = c = 4), which is why the dipolar approximation should be quite well justi ed. It is noted that the model does not take into account manybody electrostatic e ects evidently present in the system. In addition, the model does not take into account properties of nite electrical resistivities of the base uid and suspension particles. Nevertheless, as noted by Davis 21 ] the equation for the dipole moment of an isolated sphere remains practically unchanged at the dc limit if the conductivities are taken into account. The only di erence in the force equation is that the dielectric constants of the uid and particles are changed to corresponding conductivities, thus keeping Eq. (1) qualitatively valid. However, at high electric eld strengths the force between particles does not necessarily scale like F/E 2 as it does with the dipolar model. In this case the dependence of force on applied eld strength is approximately linear 22] .
It is also known that the dipolar forces does not give a complete description of the interparticle electrostatic force. Rather it is the rst term in the series expansion that includes also higher order multipolar terms. There is an approximative way to include these higher order terms in Eq. (1) In order to describe the dynamical e ects of the ER-systems we include thermal and hydrodynamic forces using an algorithm presented by Allen and Tildesley 23] . This algorithm reduces to a normal velocity Verlet algorithm provided that the forces are assumed to vary linearly during a timestep. The Brownian randomizing thermal forces are taken into account by adding random Gaussian noise to each particles position and velocity coordinates. These position and velocity variables are correlated to each others and the widths of the random distributions depend on the temperature, size and mass of the suspension particles, viscosity of the base uid, and naturally on the length of 4 the simulation timestep. In case of hydrodynamic force we neglect manybody e ects (see eg. 20]) and assume it to be simply a dragging force acting on each particle due to laminar viscous uid ow. This can be described with the following Stokes formula F hyd = ?3 (v ? v f ); (4) where v and v f stand for the velocities of the suspension particle and base uid, respectively. In case of sheared or compressed system, we also assume linear uid ow pro le between plates 15].
In the simulation we assume that particles at the distance 0:55 from the plates are xed to them 24]. This enables a mechanism for stress transfer between plates. The moving plate feels a uid mediated force because the suspension particles are not moving with the uid. Otherwise the role of base uid on stress transfer is neglected. In addition, in case of compression we do not take into account the uid ow perpendicular to the straining direction, because the ow is strongly geometry dependent. With this assumption the forces obtained from simulations are mediated solely by suspension particles.
CONSTANT RATE LOADING
For our simulations we chose the system parameters as follows: = 10 m, p = 8, c = 2, = 0:02 Ns/m 2 , T = 300 K, and E 0 = 2 kV/mm. The densities of the suspension particles and the uid were both selected to be 3 g/cm 3 . The height of the simulation box was set to 14 (=140 m). For computational convenience the positions and velocities of the particles were expressed in reduced units, r = r= ; t = t=t 0 ; v = vt 0 = , where t 0 = m=3 , but the results shown are expressed in real units. The time step of the simulation, t = 1:25t 0 , was adapted such that the largest displacement in a single timestep could not exceed r = 0:001. For the purpose of speeding up the simulation we used a relatively short range for the dipolar forces (in this case 10 ), which did not seem to a ect the results signi cantly. The position of the lower plate was always xed and the system was strained by moving the upper plate. In case of shearing the simulations were made with the shear rates _ 0.857, 8.57, and 85:7 s ?1 and in case of compression or elongation the upper plate was moved steadily with the same strain rate (_ ) values. The voltage of the plates was kept unchanged, such that the intensity of the electric eld either decreased or increased when the system was either elongated or compressed. The forces shown in the gures below are calculated for the lower plate, so that the results demonstrate the system's ability to transmit force from one plate to another. In order to compare the relative strengths of various systems, we chose to normalize the forces with the the number of particles N and with the constant F 0 ( 1:04 nN).
Since in our earlier simulation studies we looked at grown structures, here we will mainly concentrate on studying the behaviour of three di erent kinds of perfectly ordered structures under shearing, elongation, and compression. The rst structure is a single chain of particles while the second consist of ve chains forming a column of BCT unit cells (Fig. 2) . The third structure is a thick BCT structure formed by 822 particles. We note, that these thicker structures may be rare in a corresponding real system because of the relatively small space between plates compared to the diameter of the particles. As pointed out by Halsey and Toor 16] the diameter of a particle column is proportional to the distance between the plates of external electric eld. Nevertheless, these structures are likely to show the di erences in the behaviour of thin and thick systems under loading. It is also obvious, that in case of shearing the response of the systems depends on the angle between shearing direction and the direction of the lattice structure. This e ect was tested with a system consisting of 497 particles and with the shear rate of _ = 8:57 s ?1 . The results showed the maximum shear force to vary about 30%, depending on the shearing direction.
The relative strength of chains, double chains, and other structures have earlier been studied for sheared systems. Gulley and Tao 25] have reported strengths of BCT-structure and single, double, and triple chains under static conditions. They found that the BCT structured system has the largest shear modulus. In addition, they showed that the relative strength of a system is dependent on its height. Shih et al. 26 ] calculated numerically the maximum forces for single chain and double chain systems with the assumption that either the polarization vector is xed or it is allowed to rotate with respect to the direction of the electric eld. They did not nd any di erence in the maximum shear force between single and double chain systems. However, if the direction of the polarization vector was not xed with the electric eld, the maximum shear force decreased by a factor of 2/3 from the value obtained with xed polarisation vector. Furthermore, Chen and Conrad 27] studied experimentally three to four lattice constant high single, double, and triple chains. Their experiments showed that the relative strength of a double chain is larger than that of a single chain and that the relative strength of a triple chain is larger than that of a double chain. In contrast Kraynik et al. 28] have stated that the single chains maximize the shear stress. Hence the situation in terms of relative strengths looks quite controversial and unclear. In order to get more insight to the issue of strength, we have expanded our study also to compressed and elongated systems. However, in contrast to the above mentioned static considerations our approach is dynamic, because we let the systems deform by loading it with di erent rates.
In Fig. 3 we show the results of normalized force vs. shear strain. The topmost gure indicates that the relative strength of the single chain under slow or moderate shearing rate is clearly the largest. On the other hand when the shearing rate increases the BCT structure becomes stronger compared to other structures. In case of rapid shearing ( _ = 85:7 s ?1 ) the BCT structure is able to transmit roughly three times 
breakdown the sizes of chain or column fragments that oat loosely in the uid seem to be dependent on the shear rate.
In our earlier paper 7] we studied the behaviour of particle chains and grown structures under compression and shearing. We found that grown structures under compression had considerably larger yield stresses than under shearing. The di erence in yield stresses was about one decade. In Fig. 5 we show the results of force vs. compressive tensile strain for a single chain, a column of BCT unit cells, and a thick BCT structure. It seems, that at the beginning of compression these systems are able to hold relatively large loads without breaking. However, after the system nally breaks the tensile stress decreases considerably. This decrease is of the order of one decade or slightly less. However, if the compression rate is small (e.g. _ = ?0:857 s ?1 ) the thick structure seems to start recovering from the breakdown. This behaviour was also seen in our earlier study 7]. The experimental results by Gong and Lim 9] di er from ours such that their stress-strain curves for compressed ER-system do not show any large yield stresses for small values of strain. This di erence may be caused by the di erence in the compression rate, which in our simulation was between 0:12 mm/s and 12 mm/s and in their experiment 1 mm/min. However, this comparison is di cult to make because Gong and Lim do not give the parameter values like the base uid viscosity, and the diameter and density of the suspension particles.
In Fig. 6 we show snapshots of systems compressed with the rate _ = ?8:57 s ?1 . In our earlier study 7] we found that particle chains under slow compression _ = ?0:857 s ?1 tend to conserve the straight chain structure and relieve the excess stress via sort of dislocations (see Fig. 6a ). In this case the loading condition corresponds allmost to the static situation. For faster compression rate the stress is distributed quite uniformly over the whole chain of particles such that they form a zig-zag pattern rotating around the longitudinal axis of the chain. In the case of a column of BCT unit cells the structure seems to become quite disordered. As a result the BCT symmetry seems to have disappeared but the chainlike structure still remains. The thick BCTstructure is found to adapt to compression simply by enlarging the cross-section of the system. In addition, the slow compression rate seems to conserve the BCT structure better than the rapid compression.
Next we will consider stress transfer from one plate to another under tensile elongation. In case of a single chain it seems that the stress transfer should be maximized because the deformation is only one-dimensional unlike thicker structures which can also contract. On the other hand these one-dimensional particle chains experience strong uctuations which diverge when the length of the structure increases towards in nity. Because of this Landau-Peierls instability 30] the strength of the chain has to decrease when its length increases (see 25] and references therein). In Fig. 7 we show the force-strain behaviour for elongation loading. The curves for chains and column of BCT unit cells are of the form that could be expected but the behaviour of the thick BCT-structure is a bit surprising. The system is very weak and at the beginning of straining the forces are clearly negative. This suggests that the xed bottom plate would prefer going into opposite direction with respect to the moving upper plate. However, this rather odd behaviour could possibly be explained by the change in the lattice structure of the system.
In terms of the maximum strength in an elongated ER system, our results are clearly in contradiction with the experimental results by Gong and Lim 9] . In contrast to our results their results showed the tensile strength to be about one order of magnitude higher than the shear strength. What happens to these structures from the particle point of view is shown in Fig. 8 . It was found that the thick BCT structure can withstand surprisingly large tensile strains. In fact we found the plates to be connected with particles even when the structure was strained upto 500%. In this case of the strongly elongated system the structure started to look like a sparse column.
In Fig. 9 we show the force-strain curves for the thick BCT-structure under all three loading modes. It shows that the forces are dependent on the loading rate. In addition, we see that under compression this structure is able to transmit the largest force between plates. However, under elongation loading the thick BCT-structure is found to be always the weakest structure. For comparison the maximum stresses of all the three structures have been collected in Table 1 . This table includes also the values of maximum force when the model includes multipolar interactions between particles. This inclusion of multipolar terms was found to enhance the maximum stresses by a factor of 10-100%. Relatively speaking the largest enhancement of strength due to multipolar corrections is seen in structures under elongation loading.
In order to study the scaling of maximum stresses with the electric eld strength (E 0 ), we simulated the behaviour of a thick BCT structure consisting of 285 particles using the electric eld strengths between 0.5 and 4.0 kV=mm under a slow rate (_ = _ = 0:857 s ?1 ) and a fast rate (_ = _ = 85:7 s ?1 ) rate loading conditions. Contrary to the other studies presented in this paper this time we kept the eld strengths unchanged also during compression and elongation loading. In order to nd the leading scaling behaviour the force curves were checked rst visually and then by comparing the coe cients of the second order polynomials tted to the maximum force vs. E 0 points. Allthough the dipolar force F el (Eq. 1) scales quadratically with the electric eld strength, the stresses seem to obey similar scaling only under slow elongation or shearing. Under rapid compression the stresses were only weakly dependent on E 0 . In case of rapid shear loading the scaling of maximum stresses seem to be even weaker than linear. The behaviours of rapidly elongated and slowly compressed systems both showed regimes that scale linearly and quadratically.
Next we will compare the strength of initially prepared structures with the strength of grown structures. We found that without multipolar corrections the maximum forces of our grown structures under elongation loading are about one fth of that obtained with the thick BCT structure. In case of shearing with the rate of either _ = 0:857 or _ = 8:57 s ?1 the grown structures have about as high maximum stress as the thick BCT-structure. Shearing with the rate _ = 85:7 s ?1 does not increase the maximum shear stress for grown structure as radically as it does for the thick BCT structure, so that the maximum stress for a grown structure is only about 25% of that of the thick BCT structure. If we include multipolar interactions and compare grown structures with the thick BCT structure we nd that the multipolar corrections do not change the above mentioned relations signi cantly. In case of shearing the multipolar approximation enhances the maximum forces more for BCT-structure than it does for grown structure. It is likely that the stronger short range attractive force due to multipoles explains this behaviour.
So far we have been focusing on ER-systems, but these studies can readily be extended to magnetorheological 31] (MR) uids at least in terms of phenomenology. MR-systems are suspensions of ferromagnetic particles in a base uid, and their effective viscosity can be controlled with the external magnetic eld (see for instance 32] and references therein). The e ect of di erent plate materials for an MR-system has been studied by Lemaire and Bossis 31] stressing the importance of the types of plate materials (ferro-/paramagnetic) and the role of roughness of the surfaces of the plates. The role of di erent materials arises from the fact that MR-systems do not have images of magnetic dipoles provided that the vessel for the uid is magnetically inert. This is what we have assumed here. However, it should be pointed out, that in terms of applications ferromagnetic surfaces may be needed to deliver magnetic ux into the uid in which case images of magnetic dipoles have to be included. It is expected that discarding the mirror images will decrease the maximum stress of an MR-system. This e ect is seen in the simulations showing that in shearing a column of BCT unit cells or thick BCT structure the decrease in the maximum stress is of the order of 15-30%, while in case of a single chain this decrease is as high as 50-75%. In the case of compression, the thick BCT structure su ers the most from the lack of mirror images, i.e. the decrease in maximum stress is about 40% for all compression rates. However, in case of the single chain without mirror images under compression the maximum stress is only 10% or less smaller than in the system with mirror images. Finally it should be mentioned that in systems without mirror images the plates do not attract suspension particles, which is why we are not discussing the behaviour of the systems under tensile elongation loading. In terms of ER-uids, role of plates has been studied by grooving the surfaces of the electrodes 33] and by adding cotton fabric to the electrodes 34]. Both of these studies showed that by properly processing the surfaces of the electrodes shear stresses can be increased.
OSCILLATORY LOADING
In addition to studying systems under constant rate loading, we have also studied the e ects of sinusoidally alternating load. It is expected that such an oscillatory loading should introduce some randomness into to the system, preventing it not to get stuck to a metastable state or structure so easily. For our simulation study we chose a thick BCT structure consisting of 285 particles but kept all the other parameters unchanged. The simulations were performed with three amplitudes and the frequencies were chosen so that the maximum strain rates (_ max ) and shear rates ( _ max ) of the moving plates were the same as in the earlier simulations with constant rate loading. For the maximum rate (_ max = _ max = 85:7 s ?1 ) this analogy gives amplitude dependent frequencies (! i ) 764, 127, and 69:5 s ?1 representing oscillation amplitudes of 0:25 , 1:50 , and 2:75 , respectively. In case of slower shear and strain rates, i.e. _ max = _ max = 0.857 and 8:57 s ?1 , the frequencies are scaled accordingly.
Properties of ER-uids under oscillatory shearing have been studied earlier experimentally (see e.g. Ref. 35] ) and by computer simulations 36]. It was observed that at small frequencies the forces generated by small sinusoidal loading are also sinusoidal.
As the oscillation amplitude increases, the ER-uid is no longer able to transmit large forces from one plate to another and the response becomes distorted. This can clearly be seen in our simulations (Fig. 10) . We also found that, when the oscillation frequency increases hydrodynamic forces also increase, and the response deviates from sinusoidal form towards a sort of saw-tooth form. However, the BCT structure remains practically unchanged during such an oscillatory shear loading.
The response of the system to tensile oscillatory loading is something quite di erent. It seems to be dominated by the relative weakness of the system under elongation loading compared with the same systems under compressive loading. In case of high speed oscillations, i.e. _ max = 85:7 s ?1 , the suspension particles do not follow the oscillating plate at all but they stay attached to the xed plate. Then, irrespective of the oscillation phase, the xed plate is pushed away from the oscillating plate. When the loading frequency is decreased to a value that corresponds to the loading rate _ max = 8:57 s ?1 , the suspension particles are able to follow the oscillating plate for the smallest oscillation amplitude, 0:25 . It is seen from Fig. 11 that in the system under small frequency loading, i.e. _ max = 0:857 s ?1 , the particles do follow the plate, even if the amplitude of loading is relatively large, 2:75 . It is interesting to note, that when the system is fairly strongly stressed, the lower part of the structure remains practically undeformed while the upper part is variably disordered. However, in this case the force oscillation remains regular. If the oscillation amplitude is small, 0:25 , also the structure of the system remains unchanged. This explains why small amplitude oscillations generate the strongest forces to the other plate (Fig. 10) . Maximum forces for ER-uid under oscillatory shear loading conditions were clearly smaller. The ratio of maximum forces between tensile and shear loading was about 40. On the other hand for larger amplitudes (1:5 and 2:75 ) the ratio is of the order of 4 ? 6. As the oscillation frequency is increased corresponding to _ max = 85:7 s ?1 , this ratio decreases down to about 7 for the amplitude 0:25 and to 1 ? 2 for larger amplitudes.
Thus the behaviour of an ER-uid under tensile oscillatory loading seems to be more sensitive to the oscillation frequency compared to the case of shear loading.
CONCLUSION
We have studied numerically the properties of ER uids under shear, compression and elongation loading. Compressive loading was found to transfer the largest force from one plate to another. The ratio of maximum forces between the shear and compressive loading were quite large and increased with the loading rate. For the thick BCT structure even the most modest loading rate resulted in about 20 times higher maximum stress for compression than for shearing. In case of a single chain or a column of BCT unit cells the system under elongation loading appeared stronger than the system under shear loading. In contrast the thick BCT structure under elongation loading was found to be clearly weaker than under shear loading.
We have also studied the same properties of ER-uids under sinusoidally alternating load. Under oscillatory shearing even at high amplitudes and frequencies, the structure did not change permanently. However, under oscillatory tensile loading the systems became variably disordered. In the latter case and at high frequencies the suspension particles were not able to follow the oscillating plate unlike in the former shearing case. This is why the ability of the system to transfer force from one plate to another 10 decreases towards that of the system under oscillatory shear loading. Table   Table 1 : Maximum normalized forces (jFj=F 0 N) transmitted from one plate to another. Numbers in parenthesis are obtained with the model including also the multipolar interactions. The strongest structures are marked in boldface. 
